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Introduction
Ribosomes are essential to living organisms, and they play an integral part in the transfer
of genetic information from genotype to phenotype. Inside a ribosome, the genetic
instructions encoded by mRNA are translated into the amino acid sequences of
polypeptides, which will eventually become functional proteins. Ribosomes are complex
structures, each consisting of a large ribosomal subunit and a small ribosomal subunit.
These subunits are made up of ribosomal RNA and protein, and the assembled ribosome
contains small grooves, tunnels, and platforms where protein synthesis occurs.1,2
Since ribosomes are vital in
protein synthesis, they are found
in greater amounts in cells that
are
actively
synthesizing
proteins, such as pancreas and
brain cells. Proteins produced by
ribosomes may be used by the
cell internally, or the proteins
may be transported outside the
cell.1,2
In addition to ribosomal RNA
and messenger RNA, protein
synthesis requires transfer RNA.
The mRNA specifies the
Figure 1:	
  Ribosome	
  structure	
  
template from the DNA for
Source: Davidson. "Ribosomes." Molecular Expressions.	
  
constructing a specific protein,
	
  
and the tRNA brings the amino 	
  
acids to the ribosome to be assembled into proteins. There are three tRNA binding sites
that are located adjacent to each other on a ribosome: the aminoacyl binding site, the
peptidyl binding site, and the exit binding site, as shown in figure 1. Protein synthesis can
be divided into four major stages: tRNA charging, initiation, elongation, and
termination.1,2
In tRNA charging, amino acids are attached to specific tRNAs by enzymes called
aminoacyl-tRNA synthetases in a two-step reaction that requires ATP, as shown in figure
2. An aminoacyl-tRNA synthetase is specific for only one amino acid; therefore, a cell
contains twenty different aminoacyl-tRNA synthetases, one for each amino acid.
Recognition of a specific amino acid by a synthestase is mostly based on the different
sizes, charges, and R groups of amino acids; likewise, recognition of a tRNA by a
synthestase depends on specific nucleotide sequences of the tRNAs.1,2
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Figure 2: Charging of tRNA

	
  

Source: Russel, PJ. "Charging of tRNA.". iGenetics, 2011.

At the second stage of protein synthesis,
initiation, several components necessary for
protein synthesis interact, including, mRNA,
small ribosomal subunit, large ribosomal
subunit, initiation factors, fMet-tRNAfMet,
and guanosine triphosphate (GTP). During
initiation mRNA binds to the small subunit
of the ribosome, which is detached from the
large subunit. Initiation factors 1 and 3 aid
in keeping the large and small ribosomal
subunits separate during the commencement
of initiation. Then, initiator fMet-tRNAfMet
binds to the initiation codon with the aid of
initiation factor 2, which forms a complex
with GTP. Finally, the large ribosomal
subunit joins when IF-3 dissociates from the
small ribosomal subunit. At the end of
initiation, the ribosome is assembled on the
mRNA and the first tRNA is attached to the
initiation codon, as shown in figure 3.1,2

Figure 3: Translation Initiation
Source: "Gene Activity: How Genes Work."
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Figure 4: Translation Elongation

	
  

Source: "Gene Activity: How Genes Work."

In the third stage, elongation, amino acids are joined to form a polypeptide. During
elongation a tRNA can occupy either the A (aminoacyl), P (peptidyl), or E (exit) sites.
With the exception of the fMet-tRNAfMet, all tRNAs first enter the A site. Elongation
factor Tu (EF-Tu) joins with GTP and with the charged tRNA; subsequently, this
complex enters the A site of the ribosome. GTP is cleaved to GDP after the charged
tRNA is in the A site, and elongation factor Ts (EF-Ts) regenerates EF-Tu-GDP to EFTu-GTP. Then, a peptide bond is formed between the amino acids that are attached to
tRNAs in the P and A sites, and the amino acid in the P site is released from its tRNA.
After the formation of a peptide bond, translocation occurs. During translocation, the
ribosome moves down the mRNA in the 5’
to 3’ direction, and this step requires
elongation factor G (EF-G). The elongation
cycle repeats because the A site becomes
available for a new charged tRNA after each
translocation, as shown in figure 4.1,2,3
Finally, protein synthesis terminates when a
termination codon is reached. This results
because there are no tRNAs with anticodons
that are complementary to the termination
codons; therefore, no tRNA will enter the A
site of the ribosome, as shown in figure 5.
When this occurs, release factors bind to the
ribosome causing the release of the
polypeptide from the last tRNA. Release
factor 1 binds to the termination codons

Figure 5: Translation Termination
Source: "Gene Activity: How Genes Work."
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UAA and UAG, while release factor 2 binds to UAA and UGA. When either release
factor 1 or 2 binds to the A site of the ribosome, cleavage between the tRNA in the P site
and the polypeptide occurs, and the polypeptide is released. Then, release factor 3 binds
to the ribosome as it forms a complex with GTP, and this binding causes a
conformational change in the ribosome that allows release factor 1 or 2 to be released
from the A site and causes the tRNA to move from the P site to the E site.1,2,3
In figure 6, the mRNA is bound to the small subunit of
the ribosome, and the tRNAs are located in the E, P, and
A sites. The decoding center, DC, is found in the small
subunit of the ribosome, and its function is to sense the fit
between the codon on the mRNA and the anticodon on
the tRNA to ensure that only the correct tRNAs are
bound to the ribosome.4
There is also a peptidyl transferase center (PTC) located
on the large subunit of the ribosome. The primary
function of the PTC is to covalently link amino acids into
polypeptides. This reaction involves aminolysis of the A
site aminoacyl tRNA of the ester bond that links the
nascent peptide to the 3’ hydroxyl of the 3’ terminal
ribose of the P-site tRNA. Peptidyl-tRNA hydrolysis also
occurs in the PTC, which is required for the termination
stage of translation and release of the fully assembled
polypeptide from the ribosome. Interestingly, there are no
ribosomal proteins in the PTC, and the crystallographic
structures have confirmed that peptidyl transferase is
actually an RNA enzyme.3

Figure 6: Decoding Center	
  
Source: Natalia Demeshkina et al. "Codonanticodon interactions in the decoding center on
the 70S ribosome." Nature.	
  

In addition to the PTC, there is a tunnel that connects the site of peptide-bond formation
with the back of the ribosome. As the polypeptide chain grows, it passes through this
tunnel to the outside of the ribosome; moreover, the tunnel can accommodate about 35
amino acids of the polypeptide chain. This nascent peptide exit tunnel (NPET) starts at
the PTC and spans the body of the large ribosomal subunit. An intriguing property of the
ribosome is nascent peptide dependent translation arrest. In this mechanism, programmed
ribosome stalling takes place at an upstream regulatory open reading frame and leads to
activation or repression of expression of the downstream genes. Stalling results when the
ribosome polymerizes a critical amino acid sequence encoded in the regulatory open
reading frame. Precise interactions of the nascent peptide with sensory features of the exit
tunnel elicit structural rearrangements in the ribosome, which degrade its functions and
result in formation of a stalled ribosome complex. Although the general principles of
functional interactions between the ribosome and the nascent peptide are fundamental in
their nature, molecular mechanisms that determine the ribosomal response to specific
nascent peptide sequences are essentially unknown.3
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E coli bacteria are a great model organism because of the rapid growth rate, simple
nutritional requirements, well-established genetics, and completed genomes sequence.
Shown in figure 7 are the genes regulated by tryptophan in E coli. The genes in green are
the genes that stimulate the synthesis of tryptophan, while the genes in red promote the
degradation of tryptophan. The tnaB gene encodes a tryptophan specific transporter that
allows tryptophan to enter the cell. Once tryptophan is in the cell, the tnaA gene is
activated, which stimulates the synthesis of tryptophanase enzyme.

Figure 7: Genes regulated by tryptophan in E. coli
Source: Khodursky et al. (2000) PNAS 97:12170.

	
  
Tryptophanase is the enzyme that catalyzes the reaction between tryptophan and water to
form indole, pyruvate, and ammonia. It is an essential enzyme for bacterial survival
because the degradation products provide a source of carbon and nitrogen for
biosynthesis of proteins, carbohydrates, fatty acids, and nucleic acids. In addition to
biosynthesis, indole has been shown to function in quorum-sensing signaling and biofilm
formation.5 A study performed at Osaka University in Japan showed that indole induces
the expression of several multidrug exporter genes and confers acquired multidrug
resistance to E. coli via both two-component signal transduction pathways and other twocomponent system-independent pathways.6 Indole also contributes to the stable
maintenance of E. coli multicopy plasmids. According to a study performed by Chant and
Summers at the University of Cambridge, Rcd (a short transcript) increases the affinity of
tryptophanase for its substrate tryptophan which causes increased indole production by
cells in low-density cultures. Consequently, Rcd- mediated stabilization of multicopy
plasmids is dependent upon indole’s role as a signaling molecule.7 Tryptophanase has
been shown to be of critical importance in pathogenic E. coli. An experiment conducted
by Emory University and CDC showed that a lack of tryptophan in growth media or
deletion of the tryptophanase gene disrupted the ability for enteropathogenic bacteria to
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paralyze or kill C. elegans.8 The variety of functions involving tryptophanase in E. coli
suggests that tryptophanase is required for bacterial survival.

Figure 8: The	
  tna	
  operon’s	
  regulatory	
  features	
  
Source: Stewart,V and Yanofsky, C (1985) J. Bacteriol. 151:942.

An operon is a functioning unit of genomic DNA containing a cluster of genes under the
control of a single regulatory signal or promoter. The tryptophanase operon (tna operon)
is shown in figure 8. According to a study performed by Dr. Cruz-Vera et al, in the
presence of tryptophan, the tryptophanase gene was transcribed; however, when
tryptophan levels were low, the transcription was terminated early.9 Both of these
scenarios are shown in figures 10 and 9, respectively. In the presence of excess
tryptophan, the 24 residue leader peptidyl-tRNA located in the tna operon resists
cleavage at the tnaC stop codon. The tna operon in E. coli consists of two structural
genes, tnaA and tnaB, encoding the enzyme tryptophanase and a tryptophan specific
permease. Transcription of these genes depends on both catabolite repression and
tryptophan-induced inhibition. There is a 319 nucleotide leader RNA segment that
precedes the tnaA start codon, and it contains the 24 residue leader peptide coding region,
tnaC. In the absence of tryptophan, transcription is terminated at one of several
transcription pause sites. However, when tryptophan is present in the cell, cleavage of
tnaC is inhibited and transcription continues. The tnaC features responsible for inhibition
have been identified. The tryptophan residue located at position 12 and the spacing
between Trp12 and Pro24 have established that tryptophan binds to the ribosome during
the synthesis of TnaC-tRNAPro. This binding results in inhibition of the promoted
cleavage of the peptidyl-tRNA at the UGA stop codon by release factor 2. The result of
the inhibition is ribosome stalling, which blocks rho factor’s access to the binding site
located next to the tnaC stop codon. This prevents the rho catalyzed transcription
termination in the leader region. The regulation of transcription on the concentration of
tryptophan is plausible in evolutionary terms because the tryptophanase enzyme is only
needed when tryptophan is present.9
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Figure 9: Expression	
  in	
  absence	
  of	
  free-‐tryptophan	
  
Source: Gong, F and Yanofsky, C. (2002) J Biol Chem 277:17095.

	
  

The E. coli transcriptional termination factor, rho, is necessary to release RNA transcripts
from transcription complexes at rho-dependent terminators positioned along the DNA
template. Once specific template sequences that code for a rho “loading site” have been
transcribed into the nascent RNA, rho-dependent termination can occur. The loading of
rho onto the nascent transcript activates the cryptic RNA-dependent ATPase activity of
rho, as well as its ATP-dependent and directional RNA-DNA helicase activity. The RNA
transcripts are released from elongation complexes that are paused downstream of a rho
loading site only when rho and ATP are present.10 Figure 9 shows the events that occur
during transcription when tryptophan is absent or present in minute concentration. When
tryptophan is not present in great amount, the rut site is exposed and the rho factor
quickly binds to the ribosome to terminate transcription. However, in the presence of
tryptophan, as shown in figure 10, the ribosome contains a bound tryptophan molecule.
The ribosome-tryptophan complex prevents the tna-C-peptidyl tRNA from cleavage, and
the translating ribosome stalls at the tnaC stop codon. Rho factor requires the rut site to
bind; however, when the ribosome stalls at the UGA stop codon, the rut site is blocked.
Therefore, rho cannot bind and transcription of the tna operon continues past the stop
codon. The result is that tryptophanase is transcribed and translated when tryptophan is
present in the cell.9
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Figure 10: Expression	
  in	
  presence	
  of	
  free-‐tryptophan	
  
	
  

Source: Gong, F and Yanofsky, C. (2002) J Biol Chem 277:17095.

The Nus B protein has been shown
to function in both the lambda and
rRNA antitermination systems. Nus
B interacts with S10 to stabilize the
N-mediated complex, and its central
role for rRNA Box A binding
confirms its function as a
transcription factor. The structure of
Nus B is composed of six ordered
alpha helixes, as well as an
unstructured amino terminus
containing arginine residues. This
region may be responsible for the
arginine rich motif domain, and it
may also be involved in the
interactions with Box A RNA. When
Box A RNA binds to Nus B, an
ordered structure of the unstructured
arginine rich motif domain results.
The stable folded structure that
results from this binding is crucial
Figure 11: Nus	
  B	
  protein	
  and	
  Box	
  A	
  
Source: J. Greenblatt, J. R. Nodwell, and S. W. Mason. 1993, Nature 364:401.
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for elongation to occur.11 Figure 11 shows the antitermination complex composed of
lambda-phage N protein and cellular proteins. The sequence of the nut site in lambdaphage RNA transcript contains two regions: a stem loop (Box B) that binds to N-protein
and a linear region (Box A) that interacts with cellular proteins NusB and S10. Once Nprotein interacts with the NusA-polymerase complex, rapid binding of transcription
factors such as NusB, NusG, and S10 occurs. This produces stable antitermination
complex, which can transcribe many kilobases despite the occurrence of termination
signals that are present in the cell. Figure 11 also shows the inhibition of the terminating
action of hexameric rho factor. It is thought that NusB protein is involved in the
regulation of the expression of the tryptophanase gene together with the tnaC nascent
peptide and tryptophan; however, this hypothesis remains under intense investigation.

Hypothesis
To test the hypothesis- NusB protein is involved in the regulation of the expression of the
tryptophanase gene together with the tnaC nascent peptide and tryptophan- we used an in
vivo system to obtain cis and trans mutations that affect the tna gene expression. The lacZ
gene was used as a reporter gene so that we could measure the gene expression using a β
-galactosidase assay. As shown in figure 12, the gene will be expressed in the presence of
tryptophan, wild-type. But a mutant clearly effects the expression of the gene.

	
  	
  	
  	
  	
  	
  	
  

	
  

	
  

Figure 12: In vivo system used to obtain cis and trans mutations that affect tna expression
Source: Stewart,V and Yanofsky, C (1985) J Bacteriol 151:942.
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The NusB gene was
eliminated and replaced
with a kanamycin
resistant gene using PCR
fragments. The
recombinant bacteria
strain grows in the
presence of kanamycin,
an antibiotic; whereas
bacteria strains that do
not successfully
incorporate the resistant
gene will die when
exposed to kanamycin.
Therefore, we can select
for the bacteria
containing the Nus B
gene elimination.

Figure 13: Method of elimination of chromosomal genes
	
  

	
  

Source: Datsenko K.A. and Wanner B.L. (2000) PNAS 97:6640-45.

Materials and Methods
Kanamycin cassette production
Two oligonucleotides (primers) containing complementary sequences of the 5’-end and
3’-end of the kanamycin resistant gene from the plasmid pK4-16 (Cruz-Vera collection)
and the non-decoding 5’-end and 3’-end regions of the nusB gene were produced by
MWG operon, forward primer: Reverse primer: . These primers were used to synthesize
a kanamycin DNA fragment cassette by PCR as follows: 5 μl of 10X reaction buffer were
mixed with 5 μl (25 ng) of pK4-16 plasmid (5ng/μl), 1.25 μl of forward primer (34-mer,
100ng/μl), 1.25 μl of reverse primer (34-mer, 100ng/μl), 1 μl of dNTP mix (10 mM), 36
μl of ddH2O, and 1 μl of Taq polymerase enzyme. Reactions were placed into the thermal
cycler, and the reaction times were programmed according to table 1. To verify the
presence of DNA, gel electrophoresis was performed on PCR product. An agarose gel
was made as follows: 1 gram of agarose and 98mL of dH2O was microwaved for 2
minutes, cooled, and poured into the gel tray. Then, 8mL of TAE was placed into a
volumetric cylinder and diluted to a final volume of 400mL. The buffer was then poured
into the gel electrophoresis apparatus. Once the gel was set, 2 μl of loading buffer, 10 μl
of hyclone bi-distilled water (ddwater) (Thermofisher), and 1 μl of ladder was mixed on a
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small piece of parafilm wax. Then, this mixture was carefully loaded on gel. Then, 2 μl of
loading buffer, 10 μl of hyclone H2O, and 1 μl of PCR product was mixed and loaded.
The voltage was set to run at 150 volts for 40 minutes. After running the gel, the gel was
cut with a spatula and placed into a 1% ethidium bromide solution for 15 minutes. After
15 minutes, the gel was taken into the dark room to visualize it using the ultraviolet lamp.
Once the presence of PCR product was confirmed, digestion of the plasmid template
(pK4-16) was performed. To digest the plasmid, 2 μl of DnpI restriction enzyme (New
England Biolabs) was added directly to the solution and thoroughly mixed. The solution
was placed into the centrifuge for a few seconds, and then the solution was incubated at
37OC for 5 minutes. Final products of the reaction were precipitated as follow: 1) water
was added to reach 300 μl total volume, 2) 30 μl of sodium acetate pH 5.2 was added
later, 3) 1 μl of 30% glycogen solution was added as a carrier for precipitation, and 4)
finally, 750 μl of cold ethanol was added to the mixture. The solution was stored at 20 OC
for about 30 min and centrifuge at 13,000 rpm for about 20 min. The final pellet was
washed once with a 70% ethanol solution and resuspended in 10 μl of hyclone ddwater.
Table 1: Cycling parameters for the quick change lightning site-directed mutagenesis
method
Segment
Cycles
Temperature
Time
O
1
1
95 C
2 minutes
95OC
20 seconds
2
30
60OC
10seconds
O
72 C
1 minute
3
1
72OC
12 minutes
Generation of a nusB deleted bacterial strain
Transformation, the direct intake of exogenous DNA, was performed using a SVS1144
bacteria strain (Δ(argF-lac)169, IN(rrnD-rrnE)1, rph-1, bglGo-551, LAM-SVS44(tnaA'lacZ)) containing the plasmid pKD2012, which expresses the lambda red genes for
recombination, the ampicillin resistant gene for selection and which origin of replication
is thermosensitive at temperatures higher than 30 OC. Also, this bacterial strain expresses
the β-galactosidase enzyme under control of L-tryptophan. First, SVS1144
electrocompetent cells were thawed on ice. An aliquot of 45 μl of the electroporation
competent cells was added to a prechilled microtube. Then, 2 μl of the digested PCR
product was added to the electrocompetent cells. The mixture was transfer to an
electroporation cuvette and exposed to a 1.8 voltage per 10 seconds and immediately 1
ml of Luria Broth (LB) was added. The mixtures were later transfer back to a microtube
and incubated at 37OC for 1 hour shaking at 230rpm. After the one-hour incubation, the
cells were centrifuge at 2000 rpm for 5 min and resuspended in 200 μl of LB. The cells
were plated on an agar plate containing the 5 µg/ml of kanamycin antibiotic. When
plating the cells, sterile conditions were applied. About 200 μl of PCR solution was
added to agar plate, and a sterile rod was used to spread cells on plate. The plate was
inverted to prevent condensation from interfering with bacterial growth. The plate was
incubated for 16 hours overnight.12
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β -galactosidase assays
Colonies on the agar plate were selected, and the gene expression activity of the cells was
determined using a β -galactosidase assay. First, the strain was subcultured in 2-5 ml of
M9 media and grown overnight at 37OC. Duplicate dilutions of 0.1 ml cells with 0.4 ml
of Z-buffer (0.05M sodium phosphate pH 7, 0.01M potassium chloride, 0.001M
magnesium sulfate, and 0.05M beta-mercaptoethanol) were prepared in centrifuge tubes.
Two controls containing only Z-buffer were also prepared. To permeabilize cells, one
drop of 0.1% SDS and 2 drops of chloroform was added, and the tubes were vortexed for
10 seconds. The tubes were then equilibrated in a room temperature water-bath for about
5 minutes. Then, 0.1mL of ONPG was added to each tube to initiate the reaction and the
time was recorded. When the reaction turned a yellow color, the reaction was terminated
by adding 0.25 ml of 1M Na2CO3, and the time at which the reaction was terminated was
recorded. After all the tubes reacted, they were centrifuged for 10 minutes at high speed.
The absorbance at 650 nm and 420 nm of each tube was determined using a
spectrophotometer. If OD650 was greater than 1.2, the cells were diluted and the
absorbance was re-measured. The following equation was used to measure βgalactosidase activity13.
!"!"#!(!.!"∗!"!!")

!!!"#

Activity= !"!"#∗!"#$∗!"#$%& ∗ !.!!"#!"  !" ∗ 1.75µμl
Time= time of reaction in minutes
Volume= μl of cells added to assay tubes
0.0045 OD420=e420 o-nitrophenol
1.7μl=total volume
Cuvette= 1cm path length
Activity= nmol/min/OD650 ml
The purpose of performing a β -galactosidase assay on the cells is to determine the
amount of gene expression. The lac operon functions as a reporter gene because it
transcribes β –galactosidase, and the activity of β -galactosidase correlates to the activity
of the gene of interest, tnaC13.
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Results

Figure	
  14:	
  Cell	
  growth	
  of	
  wildtype	
  and	
  NusB	
  mutant	
  	
  
	
  

	
  Figure	
  15:	
  Reporter	
  gene	
  expression	
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Discussion
Growth rate of the SVS1144 E. coli strain deficient in the nusB gene was not significantly
different that the wild type strain. Figure 14 shows the growth rate curves for the mutant
and wild type strains. Since the NusB gene deletion did not affect cell growth, this gene is
not essential for E. coli development. Next, we wanted to know how often the
tryptophanase operon was expressed in both the wild type E. coli strain containing the
NusB gene and in the mutant E. coli strain containing the NusB gene deletion. As shown
in figure 15, there was a significant decrease in gene expression of the reporter gene in
the mutant strain. This reveals that the deletion of the NusB gene results in a loss of
efficiency in the expression of the tryptophanase operon. The wild type strain containing
an intact NusB gene showed higher levels of gene expression. These results suggest that
the NusB protein is involved in the gene expression of the tna operon, and it is required
for optimal gene expression. Although gene expression occurs in the E. coli mutant strain
containing the NusB gene deletion, the low efficiency suggests that NusB protein
interacts with the antitermination complex to increase efficiency of the expression of the
tryptophanase operon. Figure 15 shows that as the concentration of tryptophan is
increased, the gene expression is also increased in both the wild type and mutant strains.
However, the difference in gene expression in the wild type strain predominates the gene
expression in the mutant strain at all concentrations of tryptophan.

Conclusion
The data obtained in this research suggests the NusB protein plays an important role in
the tna operon. This conclusion may be used in future research to describe the molecular
mechanisms involved in the regulation of gene expression of the tna operon by NusB
protein. By understanding the molecular mechanisms involved, antibiotics can be
designed that specifically affect the action of NusB protein. By regulating the expression
of the tryptophanase operon, we can regulate the amount of tryptophanase synthesized by
the cell. Tryptophanase is the enzyme that catalyzes the conversion of tryptophan and
water to pyruvate, indole, and ammonia. By decreasing the gene expression of the
tryptophanase operon, the transcription of the tryptophanase gene is reduced. As
mentioned earlier, indole is crucial for bacteria survival, and by limiting the gene
expression of the tryptophanase operon, the production of indole is also limited. Bacteria
cells will die if indole is not produced; therefore, by understanding the interaction of
NusB with the tryptophanase operon, antibiotics can be designed to target bacterial cells,
while leaving human cells intact.
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